KCNE1 and V72 of KCNE3, conferred the specific control To better understand the mechanism of gating in of activation kinetics. mammalian channels, we examined the interaction of
We also examined the chimera channel association with KCNE3 ( Figure 2C ) and found that the same regions of KCNQ1 conferred binding to KCNE3. Therefore, members of the KCNE-encoded subunit family occupy similar sites in the channel complex ( Figure 2B, lanes 3-6) .
A chimera of the transmembrane segments S1-S4 of KCNQ1 and Kir2.1 did not bind to KCNE1 ( Figure 2D , lane 3), indicating that these portions of KCNQ1 do not cause subunit binding. The cytoplasmic N terminus of KCNQ1 also did not confer binding of Kir2.1 to KCNE1 ( Figure 2D, lane 4) . Thus, only structures either lining or located in proximity to the ion conduction pore exhibit physical association with KCNE-encoded subunits.
We then constructed chimeras containing portions of KCNQ1 spliced into the channel Kv1.4 ( Figure 3A) . Co-IP experiments show that KCNE1 binds to Kv1.4 chimera bound the KCNE proteins. Both wild-type and chimeras showed labeling patterns characteristic of membrane proteins, localizing in the ER and Golgi and on the cell periphery. These results suggest that both the wild-type Results and chimera proteins were trafficking to the plasma membrane. The binding to KCNE subunits was thus Determinants of KCNE1 and KCNE3 most likely due to the KCNQ1 sequences in Kir2.1 and Binding to KCNQ1 Kv1.4 rather than altered trafficking with nonspecific We first sought to determine the region(s) of the KCNQ1 aggregation of these proteins ( Figure 3C ). Furthermore, channel responsible for physical association with KCNE1 when excess HA-tagged KCNE1 subunit was co-exand KCNE3. KCNEs were coimmunoprecipitated (co-IP) pressed with the KCNQ1 (S5 through C terminus)/Kir2.1 with co-expressed K ϩ channel ␣ subunits (Figure 1 ) to chimeras plus FLAG-KCNE1, there was suppression of search for K ϩ channels that do not associate with coimmunoprecipitation of FLAG-KCNE1 ( Figure 3D ). KCNE1 or KCNE3. K ϩ channel ␣ subunits were tagged Such a competition further supports a specific interacwith the myc-epitope for immunoprecipitation. KCNE1 tion between the KCNE subunits and the chimera chanand KCNE3 were tagged with FLAG for immunoblot denel ␣ subunits. tection (Figure 1) . KCNE1 interacted strongly (as assayed by co-IP) with KCNQ1, Kv1.5, and KCNQ4. No binding of KCNE1 was Functional Interaction of KCNE1 and KCNE3 with KCNQ1 Chimeras detected to Kir2.1, an inward rectifying K ϩ channel, or Kv1.4, a voltage-gated K ϩ channel (Figure 1 , lanes 2 and While these studies delineated specific regions of KCNQ1 that could mediate the binding to KCNE-encoded pro-4). Multiple molecular weight bands on the FLAG-probed gels represent variably glycosylated forms of KCNE1 as teins, we wished to determine whether these same regions were also sufficient to allow the accessory subdescribed (Takumi et al., 1991). As previously reported, heterologously expressed Kv1.4 migrates with relative units to modulate channel kinetics. Despite high-level expression and binding to KCNE-encoded subunits with masses of 78 and 105 kDa on SDS-PAGE gels (Peri et al., 2001 ). In addition, we variably observed a smaller expression at the plasma membrane ( Figure 3C ), the chimeras did not carry ionic current. band of 50 kDa, which may represent a proteolytic degradation product of Kv1.4.
We hypothesized that the loss of function was due to the two channels in the chimeras being too incongruous, Using either Kir2.1 (Figure 2A ) or Kv1.4 ( Figure 3A) as templates, we spliced in regions of KCNQ1 and assayed resulting in the loss of critical channel structures. We turned to KCNQ4, a channel with greater homology to the ability of these regions to confer binding to KCNE1 or KCNE3. Substitution of KCNQ1 regions C-terminal to KCNQ1 (34.3% identity to KCNQ1, versus 11.8% identity between KCNQ1 and Kv1.4). KCNQ4 physically associ-S5 conferred binding of Kir2.1 to KCNE1 ( Figure 2B , compare lanes 3 and 4). We spliced in successively ates with KCNE1 and KCNE3 with similar affinity to KCNQ1 (Figure 1, lane 6) . Neither association produces smaller regions of the channel, including a 27 amino acid segment encompassing the KCNQ1 pore selectivity a change in activation kinetics ( Figures 4B and 4F) , in contrast to the dramatic changes in activation gating filter. KCNQ1 pore structures are sufficient to allow KCNE1 to bind to the channel complex ( Figure 2B , seen when KCNE1 and KCNE3 associate with wild-type KCNQ1 ( Figures 4A and 4F ). lanes 5-8). We then spliced the regions of KCNQ1 that conferred ability of this C terminus to confer binding to Kir2.1 (Figures 2D, lane 2, and 4G, lane 5). To examine the binding to KCNE1 and KCNE3 into KCNQ4 to determine whether these regions could restore functional control involvement of the S6 segment of KCNQ1, which lies between the selectivity filter and the C terminus, we of channel activation gating. KCNQ1 sequences from S5 through the C terminus conferred the ability of KCNE1 spliced KCNQ1-S6 into Kir2.1 to produce a chimera that also bound to KCNE1 ( Figure 4G , lane 4). Thus, KCNE1 and KCNE3 to regulate activation of KCNQ4 in a manner similar to KCNQ1 (Figures 4C and 4F) Taken together, these results suggest that the ability the critical accessory subunit residue (T58 of KCNE1 and V72 of KCNE3) was interacting with a similarly highly of KCNE1 and KCNE3 to accurately modulate KCNQ1 is dependent upon sequences present in both the C localized region of the KCNQ1 gating machinery and that this region was located within the extended bindterminus as well as the conduction pathway of the channel. In support of the importance of the KCNQ1 C termiing interface.
To identify the precise portion of the interface responnus in the interaction with KCNE1 and KCNE3 is the sible for channel control, we took a cysteine-scan apexpressed alone shows their activation kinetics to be nearly identical (wild-type t 1/2 ϭ 20 Ϯ 0.25 ms, n ϭ 10; proach to the S6 segment of KCNQ1. By aligning the transmembrane segments of KCNE1 and KCNE3 with S338C t 1/2 ϭ 25 Ϯ 0.5 ms, n ϭ 10; for activation to half max at an 80 mV depolarization; Figures 7A and 7B) . the KCNQ1 S6, we identified that region of the channel likely to be in close proximity to the key residues of Therefore, this mutation has comparatively little effect on the gating kinetics of the channel ␣ subunits when the accessory subunits ( Figures 5A and 6A ). Sequential cysteine substitution of amino acids along this region expressed alone, yet has dramatic effects on the ability of KCNE3 to modulate the channel. was performed in search of specific sites for functional interaction between KCNQ1 and KCNE1 or KCNE3.
KCNQ1-F339C also disturbed the regulation by KCNE3. When co-expressed with KCNE3, this channel When co-expressed with either KCNE1 ( Figure 6B ) or KCNE3 ( Figure 5B ), the activation kinetics of most of gave no measurable current ( Figures 5B-5D ), although the ␣ subunit expressed by itself was functionally similar these channels were modulated by the respective accessory subunit comparable to wild-type KCNQ1.
to wild-type ( Figure 7C ). When KCNQ1-S339C associated with KCNE1, the current resembled wild-type The current observed in cells co-expressing KCNQ1-S338C with KCNE3, however, is dramatically different KCNQ1/KCNE1 ( Figure 6B ). This indicates that KCNQ1-F339C is expressed, but the mutation transforms the ( Figures 5B-5D, S338C ). The constitutively activated voltage-independent current is nearly abolished and the channel into one that is suppressed by KCNE3. Mutations at the other positions tested did not disrupt the rate of activation is greatly slowed relative to the currents obtained with the other cysteine-substituted ability of KCNE3 to modulate channel kinetics normally. Thus, the cysteine scan uncovered a specific region of channels co-expressed with KCNE3. Comparison of KCNQ1-S338C expressed alone with wild-type KCNQ1 the channel that affects the ability of KCNE3 to modulate cysteine mutants associated with KCNE1 resembled wild-type slowly activating currents, indicating that the mutations did not disrupt the ability of the protein to modulate the channel. The one exception was KCNQ1-F340C ( Figures 6B-6D, F340C ). The current produced by KCNQ1-F340C with KCNE1 did not resemble the wild-type current. This channel complex exhibited constitutively activated voltage-independent component, and the slow sigmoidal activation of wild-type complexes were replaced by rapid monoexponential activation kinetics. Again, these functional effects were restricted to mutation at this position, as mutations at neighboring residues resulted in wild-type regulation by KCNE1. A mutation of KCNQ1 at F340 to alanine was recently shown to alter the channel's affinity for drug block by L-7, a finding that further supports our results indicating the importance of this site in the interaction with KCNE1 (Seebohm et al., 2003). Both KCNE1 and KCNE3 also modulate the deactivation gating of KCNQ1. Specifically, the characteristic "hook" caused by recovery from inactivation of KCNQ1 channels is eliminated, and monoexponential deactivation tail currents are seen. In addition, KCNE1 slows the deactivation of KCNQ1, whereas KCNE3 accelerates deactivation kinetics. Examination of the tail currents (Figures 5 and 6) at Ϫ120 mV shows that certain of the KCNQ1 mutations affected the modulation of deactivation kinetics by KCNE subunits. Deactivation of KCNQ1-KCNE3 complexes proceeds with relatively rapid kinet- that of the wild-type channel. Moreover, the pronounced voltage-dependent inactivation disappeared when the channel was associated with KCNE1 in a fashion compathe channel. However, the reversal potentials of the murable to wild-type. Thus, the altered modulation of F339C tated channels co-expressed with KCNE3 suggest that by KCNE3 is a consequence of an altered interaction of they remain potassium selective (Erev ϭ Ϫ70 Ϯ 5.2 for the ␣ subunit with KCNE3 and not a consequence of an 335C KCNQ1, Ϫ70.3 Ϯ 3.5 for 336C KCNQ1, 71.4 Ϯ 2.5 altered ␣ subunit structure in the absence of its accesfor 337C KCNQ1, 73.5 Ϯ 0.8 for 338C KCNQ1, Ϫ76.8 Ϯ sory subunit. These results suggest that a 3 amino acid 3.6 with 340C KCNQ1, and Ϫ74.1 Ϯ 5.2 for 341C KCNQ1 segment of KCNQ1 S6 comprises a site of interaction when co-expressed with KCNE3).
with KCNE1 and KCNE3 that does not tolerate substituWe also co-expressed the cysteine-substituted channels with KCNE1 ( Figure 6 ). Currents observed with most tions. Each of the cysteine-substituted channels associ- ated with KCNE1 and KCNE3, as evidenced by the func-KCNQ1 plasmid DNA produces nearly complete saturation of the channel. Increasing the amount of KCNE1 tional changes during co-expression (Figures 5 and 6) .
To assay for relative differences in affinity for accesproduces no additional current or change ( Figure 8A ). Co-expression of KCNE1 with KCNQ1-S338C at a 1:1 sory subunits, we employed a functional approach rather than the biochemical approach of co-IP, which molar ratio results in a fraction of channels not occupied by KCNE1 with biphasic activation kinetics ( Figure 8D ) is less precise in detecting subtle differences. By transfecting a nonsaturating amount of KCNE1 or despite unaltered protein expression ( Figure 8E) . A formula to estimate the relative saturation of KCNQ1 com-KCNE3 cDNA with KCNQ1 or the cysteine mutants, we observed whole-cell currents that represented ensemplexes was applied to the relative amplitude of the two phases, taking into account the fact that association bles of bound and unbound KCNQ1 ( Figure 8E 
KCNQ1 S6 Mutations Mirror Mutations in the KCNE Activation Control Region
The specific alterations in the ability of KCNE3 and KCNE1 to modulate S338C and F340C KCNQ1 closely resemble the specific alterations we observed in muta- , there is much to be learned about the precise mechanism of gating in these channels. The control of subjects of continuing investigation. While the crystal cisely within the channel complex and identified critical interacting structures. KCNE1 and KCNE3 interact with KCNQ1 not only via the pore and conduction system, but also form an interface extending from S5 through the C terminus of the channel. Portions of this region, including the pore loop itself, the S6 transmembrane domain, and the cytosolic C terminus of the channel, are sufficient to permit binding to KCNE1 and KCNE3. Moreover, the entire region of KCNQ1 must be present to accurately recapitulate the functional control of channel kinetics by the accessory subunits. That multiple segments of KCNQ1 confer KCNE binding suggests that a "permissive" conformation of K ϩ channel pore regions can be attained that allows intimate association with KCNEs rather than a discrete receptor site mechanism. This may explain the generally observed promiscuity of KCNE interactions with various ␣ subunits.
We have previously shown that a single amino acid in the transmembrane domain of KCNE1 or KCNE3 is responsible for the dramatic differences in their ability to control activation gating (Melman et al., 2002). Here we have used activation kinetics as a functional probe to investigate channel-accessory subunit interaction. These studies delineate those interacting regions of KCNQ1 required for functional modulation of the channel by KCNEs. Within the extended binding interface of KCNQ1, mutations in a 3 amino acid segment of KCNQ1 S6 mirror mutations made in the key functional sites of KCNE1 and KCNE3. Moreover, mutations of this segment of KCNQ1 alter the relative affinity for KCNE1 association.
Taken together, these results suggest that amino acids 338-340 interact with the key residues of KCNE1 or KCNE3 to alter channel activation. Given that the kinetics of activation are specified by a single transmembrane domain residue within KCNE1 and KCNE3, we hypothesized that a similarly small, specific region of may be a rotation of residues about the axis of S6, and Using chimeras of KCNQ1 with other potassium chandifferent residues may alternately be exposed to the nels, we have determined the regions of KCNQ1 that KCNE proteins that lie on one face of S6. physically interact with KCNE1 and KCNE3. Exploiting While the precise structure of the KCNQ1 open and the different effects of KCNE1 and KCNE3 on KCNQ1 closed states is not known, we can model the position of KCNQ1 residues 338-340 on the known structures of function, we mapped the accessory subunits more pre-open and closed crystallized potassium channels (mthK KCNQ4 chimeras, we noticed some differences in kinetand KcsA, respectively). Homology modeling of the ics among the different chimeras in the absence of KCNE KCNQ1 pore onto KcsA is relatively straightforward. Enproteins. Splicing in of the KCNQ1 pore and surrounding ergy minimization is more difficult to accomplish for transmembrane segments, either alone or with the the mthK structure. Due to sequence differences in S6, KCNQ1 C terminus, converted the kinetics of activation KCNQ1 lacks a flexible glycine at the site of the kink in of KCNQ4 to the more rapid activation of KCNQ1. In the mthK inner helix (Figures 9B and 9C) . Many voltagecontrast, the C terminus of KCNQ1 alone does not have gated channels contain a PVP sequence that is thought this effect. to introduce a kink at a site near this glycine. In KCNQ1, One possible interpretation is that the difference in the analogous site contains a PAG sequence ( limit for the maximal rate of opening, our results point Comparison of the two hypothetical structures sugto a role for structures in the channel pore and S5/S6 gests that gating occurs as a consequence of a kink helices in controlling the rate at which these conformaforming in S6, which deflects the C-terminal portions of tional changes are translated into channel gating. the helix away from the channel axis to open the channel KCNEs also control gating kinetics, a role that would be ( Figure 9B ). Residues 338-340 of KCNQ1 are predicted consistent with interactions with these same regions of to lie near the kink, such that if S6 rotates during gating, the channel. the helical turn of residues 338-340 rotates about the It is interesting to note that the S6 residues we muaxis of S6. This rotation may serve to expose different tated are conserved between KCNQ1 and KCNQ4. More residues within the S6 helix to KCNE proteins that ocdivergent sequences are found either N-or C-terminal cupy a constant position along the helix.
to S6. The region of KCNE subunits predicted to interact Our studies show that two residues separated by half with S6, however, has fairly divergent sequence within a helical turn on S6 affect the ability of KCNE proteins the KCNE family. This is consistent with a model where to modulate activation gating kinetics. Thus, each of unique KCNQ1 motifs, remote from the gating machinthese residues, 338 and 340, may be exposed to KCNE ery, bind the accessory subunit to precisely anchor the proteins at different stages of the gating process. While KCNE1 or KCNE3. The specificity of regulation comes the true structure of KCNQ1 is unknown, examination of from unique sequences within that portion of KCNE1 other K ϩ channel structures suggests that a kink would or KCNE3 that precisely interacts with the conserved likely form, placing residues 338-340 at or near the locacomponents of the channel's gating machinery ( In comparing the activation kinetics of the KCNQ1-supernatant was then incubated with 30 l Immunopure Ultralink its reverse complement with specific codons changed to substitute a cysteine at each location. protein G agarose (Pierce) and 10 l rabbit anti-myc antibody. Samples were incubated with shaking 2 hr at room temp, washed 6
Primers were subjected to PAGE purification prior to their use in mutagenesis, as previously described. Using pfu polymerase (Stratimes with ice-cold NDET, and eluted by incubation with 40 l SDS-PAGE sample buffer for 10 min at room temp. tagene), PCR cycling was performed using primer pairs, and either HA-tagged KCNE1 or KCNE3 cloned into pcDNA3.1 as a template. Reactions were digested with 0.5 l of DpnI (New England Biolabs) SDS-PAGE and Western Blotting for 3 hr at 37ЊC and then transformed into electrocompetent bacteria Immunoprecipitated samples were loaded on 12% gels and run at using a BTX electroporator set at 2.0 kV, 72⍀ resistance to recover 150 V for 4-5 hr at room temp. Gels were transferred to 0.2 m pore the mutated plasmid. All clones were verified by sequencing and nitrocellulose membranes (Schleicher and Scheull) using semidry produced/purified for use using Qiagen Midi-preps. transfer apparatus (Owl Scientific) at 200 mA for 3 hr. Membranes were incubated in 10% milk (Carnation) in 1ϫ TBS-0.05% Tween Electrophysiology 20 for 1 hr at room temp, and then overnight with primary antibodyElectroporated CHO cells were grown on sterile glass coverslips either 1:250 9E10 monoclonal anti-myc antibody (Santa Cruz Bioand placed in an acrylic/polystyrene perfusion chamber (Warner tech) in 5% milk or 1:2000 M2 FLAG antibody (Sigma). Blots were Instruments) mounted in an inverted microscope outfitted with fluowashed with three 5 min washes at room temp. Secondary antibody rescence optics and patch pipette micromanipulators. Extracellular in both cases was 1:10,000 HRP coupled Rabbit anti-mouse antisolution was NaCl 150 mM, CaCl 2 1.8 mM, KCl 4 mM, MgCl 2 1 mM, body (Pierce). After 45 min incubation at room temp, blots were glucose 5 mM, and HEPES buffer 10 mM (pH 7.4) at room temperawashed 5 ϫ 5 min at room temp and exposed using Kodak BMS ture. Intracellular pipette solution was KCl 126 mM, K-ATP 4 mM, or BMR film.
MgSO 4 2 mM, EGTA 5 mM, CaCl 2 0.5 mM, and HEPES buffer 25 mM (pH 7.2) at room temperature. The whole-cell configuration of Immunofluorescence the patch clamp technique was used to measure potassium currents HEK 293 cells were transiently transfected as above. 24 hr after (Hammill et al., 1981 ). An Axopatch 1D patch-clamp amplifier was transfection, they were treated with trypsin and allowed to settle on used and protocols were controlled via PC using pCLAMP8 acquisisquare glass coverslips. 48 hr after transfection, cells were fixed in tion and analysis software (Axon Instruments). The standard holding 4% paraformaldehyde in PBS for 20 min at room temperature, rinsed potential was Ϫ80 mV, and insets show applied voltage protocols. once in PBS, and permeabilized with 0.3% triton X-100 in PBS. Cells Data was filtered using an 8-pole Bessel filter at 4 kHz and sampled were blocked with 5% BSA in PBS for 30 min and probed with antiat 8 kHz. The ratio of constitutive to total current was calculated myc antibody (9E10 hybridoma supernatant) at 1:200 dilution in 5% using the ratio of the height of the instantaneously appearing current BSA with 0.1% NP-40 for 1 hr. Cells were washed with PBS and to total developed current during the 100 mV depolarization. Activa-0.1% NP-40 solutions and incubated with Alexa FLUOR 647 goat tion kinetics were quantified as a rise time to half max following an anti-mouse IgG (Molecular Probes) at 1:5000 dilution. Cells were 80 mV depolarization from Ϫ80 mV. Depolarizations were held for again washed with PBS and 0.1% NP-40 in PBS three times each and sufficiently long times to allow currents to saturate for calculation mounted on slides using Gel/Mount (Biomeda Corp.). Fluorescence of rise times. images were acquired using an Olympus IX70 microscope with 60ϫ PlanApo objective and Photometrics Censys cooled CCD camera.
Homology Modeling Image files were subject to deconvolution with Powerhazebuster Modeling and refinement to KcsA and mthK were done as previously (Vaytek) and analyzed with Adobe Photoshop.
described (Tapper and George, 2001 ). Briefly, the KcsA and mthK sequences were aligned with the KCNQ1 S5, pore, and S6 sequences. The SWISS-MODEL program was used for homology modPlasmid Construction eling, and Swiss-pdb viewer (http://www.expasy.org/spdbv/) was Myc-KCNQ1 was made by cutting KCNQ1 in pcDNA3 using eco47III used to visualize the resulting models (Guex and Peitsch, 1997). and BamHI and ligating into pCMV Tag 3b (Stratagene) that had been cut with SrfI and BamHI. FLAG KCNE1 and FLAG KCNE3 were Acknowledgments amplified from pcDNA3 using 5Ј and 3Ј primers that introduced EcoRI and BamHI at the 5Ј and 3Ј ends, respectively. PCR products We thank Philipp Scherer, Alan Finkelstein, Mark Girvin, and Charles were digested and ligated into the 3ϫFLAG CMV-10 vector, which Rubin for advice and Kami Kim for critical reading of this manuscript. introduces N-terminal FLAG tags. This work was supported by the NHLBI (R01 HL075615) and by an Chimeric constructs were made either as previously described, Established Investigator Award to T.V.M. using blunt-ended PCR products that were ligated and then amplified by trans PCR, or using a conventional trans-PCR approach using primers with sequences complementary to both regions of 
